It has long been debated whether changes in Ca 2؉ 
Insulin exerts metabolic effects on tissues and defects in insulin action are associated with the existence of numerous diseases, including non-insulin-dependent diabetes mellitus, obesity, and hypertension (1) . A defect in insulin-mediated glucose disposal in skeletal muscle is of particular significance because this tissue is responsible for removal of Ϸ90% of the glucose that disappears from the blood stream during hyperinsulinemia (2) . Thus, understanding the process of insulin signaling in skeletal muscle is important. There is now considerable evidence that, subsequent to the binding of insulin to its receptor, a series of reactions involving protein phosphorylation and dephosphorylation, catalyzed by various protein kinases and phosphatases, occurs resulting in the metabolic effects of insulin (3) . Additionally, changes in the intracellular concentrations of low molecular weight compounds (e.g., glucose 6-phosphate) (4), ions (5) , and inositol phosphoglycans (3, 6 ) also appear to be involved in insulin signaling.
Whether insulin action involves changes in intracellular [Ca 2ϩ ] is a long-standing debate (7, 8) . Indirect evidence suggests that Ca 2ϩ is involved in insulin action, particularly in glucose transport (8) (9) (10) . Although one report shows that insulin increases intracellular [Ca 2ϩ ] in adipocytes (11) , most measurements of intracellular [Ca 2ϩ ] in various cell types, including myotubes in culture, cardiac myocytes, and adipocytes, generally indicate no change in response to insulin (7, 12, 13) . Therefore, it has been suggested that a minimal or permissive level of [Ca 2ϩ ] is required for insulin actions (8, 9) . It is surprising that the effect of insulin on intracellular [Ca 2ϩ ] has not been investigated previously in this preparation, considering the importance of skeletal muscle in whole body glucose homeostasis (14) . In the present study we used individual mouse skeletal muscle fibers to study the effect of insulin on global free myoplasmic calcium concentration ([Ca 2ϩ ] i ) and near-membrane free Ca 
MATERIALS AND METHODS

Materials.
Insulin was from Novo-Nordisk, Copenhagen. FIP18 was from TEFLABS, Austin, TX. Indo-1 was from Molecular Probes Europe. Nifedipine and nimodipine were from Alamone Labs, Jerusalem. N,N-Dimethyltrimethylsilylamine was from Fluka, and diazoxide was from Tocris Cookson Ltd., Bristol, England. The remaining chemicals were from Sigma.
Fiber Mounting and Stimulation. Intact, single muscle fibers were isolated from the surface of the flexor brevis muscles of adult NMRI mice and mounted as described (15) . To check that fibers were viable, tetanic contractions were produced by biphasic current pulses with an amplitude of 120-150% of the contraction threshold given at a frequency of 80 Hz. The fiber length was adjusted to the length giving maximum tetanic force. Fibers were usually stimulated only at the start and end of the experiment to avoid affecting the muscle's response to insulin application.
Solutions. Muscle fibers were superfused with a Tyrode solution containing 125 mM NaCl, 5 mM KCl, 0. 
, where K D is the apparent dissociation constant of the dye, ␤ is the ratio of the 490-nm signals at very low and saturating [Ca 2ϩ ], and R min and R max are the ratios at very low and at saturating [Ca 2ϩ ], respectively (19) . Values for K D , ␤, R min , and R max for Indo-1 and FIP18 were established intracellularly as described (20) , with the exception that the in vitro K D of FIP18 (450 nM) was used. The peak increase in [Ca 2ϩ ] during 10 min of exposure to insulin was defined as the highest value achieved during a continuous 30-s interval.
Membrane Potential Measurements. A flat sheet containing about 15-20 muscle fibers was prepared from the flexor brevis muscles of adult NMRI mice. Fibers were penetrated with a microelectrode filled with KCl (1 M), and the potential difference between this electrode and a reference electrode filled with agar-KCl (1 M) was measured with a Geneclamp 500 amplifier (Axon Instruments, Foster City, CA) and displayed on an oscilloscope. In each preparation, the resting membrane potential was measured in four to six fibers in normal Tyrode solution and then after 8-20 min of exposure to 10 milliunits͞ml insulin in another four to six fibers.
Statistics. Values are presented as means Ϯ SEM. Statistical significance was determined with Student's paired or unpaired t tests as appropriate, and the significance level (P) was set at 0.05.
RESULTS
The initial experiments with the near-membrane Ca 2ϩ indicator, FIP18, were performed to establish, first, that after injection the calcium-sensitive portion of the molecule was localized to the intracellular face of the sarcolemma and did not flip across the membrane to the outer surface and, second, that it responded to procedures known to elevate myoplasmic [Ca 2ϩ ]. The FIP18 signal was recorded in fibers before and during exposure to 1 mM Ni Fig. 1 B-E shows the response of fibers injected with either the global Ca 2ϩ indicator Indo-1 or FIP18 to electrical stimulation or application of caffeine, which are known to cause Ca 2ϩ release from the sarcoplasmic reticulum (SR) (22) . The FIP18 signal clearly increased in response to both electrical stimulation (Fig. 1B) and application of 5 mM caffeine (Fig. 1D) (Fig. 2A) . However, 10 milliunits͞ml insulin clearly increased [Ca 2ϩ ] mem (Fig. 2B) , with the mean Ϯ SEM increase of individual fibers averaging 71.9 Ϯ 22.4% (n ϭ 15; P Ͻ 0.05) at this insulin concentration. The insulin effect was reversible if insulin exposure was less than 10 min (Fig. 2B) , and the effect was concentration dependent (Fig. 2C) . A half-maximal increase in [Ca 2ϩ ] mem occurred at a calculated insulin concentration of 110 microunits͞ml. The time course of the insulinmediated increase of [Ca 2ϩ ] mem was measured in 20 fibers, and the time to reach half of the maximum increase was 2.51 Ϯ 0.36 min.
Because the SR is the major intracellular storage site of Ca 2ϩ in skeletal muscle, experiments were performed to determine whether the insulin-mediated increase in [Ca 2ϩ ] mem derived from the SR. Dantrolene, an inhibitor of SR Ca 2ϩ release (23) , was used to determine whether insulin altered [Ca 2ϩ ] mem by affecting SR Ca 2ϩ release. Dantrolene (50 M) significantly decreased the resting FIP18 ratio signal. This would be in part because of a reduced leak of Ca 2ϩ from the SR and in part because of an artifact caused by altered light emission properties that resulted in a decrease of the ratio signal below R min . Thus, the ratio signals in the presence of dantrolene cannot be converted into [Ca 2ϩ ] mem . However, dantrolene did not block the insulin-mediated increase in FIP18 ratio, i.e., [Ca 2ϩ ] mem (Fig. 3A) . Similar results were obtained in a further three fibers with a mean change in the FIP18 ratio of 0.306 Ϯ 0.112 compared with a mean change of 0.200 Ϯ 0.116 in the absence of dantrolene, indicating that insulin does not stimulate Ca 2ϩ release from a dantrolene-sensitive SR Ca 2ϩ pool. Noteworthy is that, although dantrolene does not block the insulinmediated increase in the FIP18 ratio, dantrolene does block the ability of insulin to increase the ratio above basal.
Insulin had little effect on tetanic force (Fig. 3B ) and tetanic [Ca 2ϩ ] i (Fig. 3C) . Data from four fibers showed no significant effect of insulin (10 milliunits͞ml) on either tetanic force (99. ] was reduced to 20 nM (Fig.  4) . When insulin was applied at 1 nM extracellular Ca and was able to release it in sufficient quantities to bind to the membrane-bound FIP18 dye. This demonstrates that the lack of increase in [Ca 2ϩ ] mem in response to insulin after removal of extracellular Ca 2ϩ is not caused by Ca 2ϩ depletion of SR.
To determine the mode of insulin-stimulated Ca 2ϩ entry, the effects of either nifedipine or nimodipine, both L-type Ca 2ϩ channel blockers (24, 25) on [Ca 2ϩ ] mem were studied. L-type channels were considered because blockers of these channels inhibit insulin-mediated glucose transport in isolated skeletal muscle (24, 26) . Application of these Ca 2ϩ channel blockers significantly reduced the insulin-mediated increase in [Ca 2ϩ ] mem (Fig. 4) , suggesting that insulin application resulted in the opening of L-type Ca 2ϩ channels. Insulin has long been known to hyperpolarize skeletal muscle cells, and in agreement with this, we found that 10 milliunits͞ml insulin caused a small but significant hyperpolarization averaging 3 mV (n ϭ 26 fibers). The hyperpolarization is believed to result from increased activity of the Na-K ATPase pump (27) . However, opening of the inwardly rectifying K channel that exists in skeletal muscle may also contribute. Recently, it was suggested that the K ATP channel present in both pancreatic beta cells and skeletal muscle might be involved in insulin action (28) . To test this hypothesis, we exposed muscle fibers to 250 M diazoxide [a known activator of K ATP channels (29)] for 5 min before addition of 10 milliunits͞ml insulin. In five fibers so treated, the mean increase in [Ca 2ϩ ] mem was not significantly different from the increase induced by insulin alone (Fig. 4) .
Finally, the effect of wortmannin, an inhibitor of insulin-but not contraction-mediated glucose transport (30, 31) , on the insulin-mediated increase of [Ca 2ϩ ] mem was studied. Wortmannin significantly reduced the increase of [Ca 2ϩ ] mem with insulin ( Fig. 4) but had no effect on tetanic force or tetanic [Ca 2ϩ ] i (data not shown).
DISCUSSION
The main result of the present study is that insulin application significantly increases the [Ca 2ϩ ] close to the membrane ([Ca 2ϩ ] mem ) of muscle cells but has no effect on global [Ca 2ϩ ] i . If insulin caused a significant uniform increase in [Ca 2ϩ ] i throughout the myoplasm, this could potentially be counterproductive, because of activation of Ca 2ϩ -dependent protein kinases (e.g., phosphorylase kinase) in the cell interior, which would result in glycogenolysis and inhibition of glucose utilization (32) . Insulin, on the other hand, stimulates glycogen synthesis while preventing glycogenolysis in muscle (33) . Indeed, others have shown that insulin-stimulated glucose uptake in adipocytes is decreased at high intracellular ] after exposure to insulin. The physiological significance of the insulin-mediated increase of [Ca 2ϩ ] mem is addressed as follows. First, the insulin concentration that yielded the half-maximal increase in [Ca 2ϩ ] mem was 110 microunits͞ml, with saturation being achieved at Ϸ1,000 microunits͞ml (Fig. 2C) . These values are similar to those for insulin-mediated activation of glucose transport in isolated mouse skeletal muscle (half-maximal insulin concentration Ϸ130 microunits͞ml, saturating Ϸ1,100 microunits͞ml) (35) , as well as insulin-mediated activation of whole body and forearm (i.e., muscle) glucose uptake during euglycemic (5 mM) hyperinsulinemia in man (36) . Second, Ca 2ϩ channel blockers (24) , wortmannin (30, 31) , and removal of extracellular Ca 2ϩ (10) , all of which inhibit insulin-mediated glucose transport in muscle, inhibit the insulin-mediated increase in [Ca 2ϩ ] mem . Last, dantrolene, which inhibits insulinmediated glucose transport in isolated skeletal muscle (8) , blocks the ability of insulin to increase the FIP18 ratio signal (i.e., [Ca 2ϩ ] mem ) above basal (Fig. 3A) . These findings suggest that the increase in [Ca 2ϩ ] mem above basal is an important step in the insulin-mediated activation of glucose transport in skeletal muscle.
Results with low extracellular Ca concentration also in the surface membrane, it is possible that we are underestimating the true local increase in [Ca 2ϩ ] mem . The precise mechanism by which insulin causes an influx of Ca 2ϩ is not clear. Clearly, it is not by voltage activation of Ca 2ϩ channels because insulin hyperpolarizes rather than depolarizes muscle fibers. One possibility is that Ca 2ϩ channels are activated by one of the many protein kinases that exist in their vicinity (37) .
Because insulin mediates its effects by first binding to its receptor, it might be argued that extracellular Ca 2ϩ is needed for insulin binding. Therefore, the reduced insulin response in low extracellular Ca 2ϩ may be explained by insufficient insulin binding rather than by a decrease in Ca 2ϩ entry. Although removal of extracellular Ca 2ϩ was shown to decrease insulin binding in isolated rat muscle by Ϸ30% (38), it is unlikely that such a decrease in insulin binding substantially compromised insulin signaling. This is supported by the finding that essential depletion of extracellular Ca 2ϩ did not markedly alter the extent of glycogen synthase activation by insulin in muscle cell cultures (39) . These observations, together with the present findings that blockers of the L-type Ca 2ϩ channels attenuate the insulin response, favor an influx of Ca 2ϩ rather than impaired insulin binding to its receptor as being the major mechanism whereby Ca 2ϩ is involved in insulin signaling.
The insulin-mediated increase in [Ca 2ϩ ] mem is markedly reduced by exposing the fibers to wortmannin, which inhibits phosphatidylinositol 3-kinase. This might mean that the insulin effect on [Ca 2ϩ ] mem is mediated by phosphatidylinositol 3-kinase, which is an early intermediate in insulin-mediated but not contraction-mediated glucose transport in skeletal muscle (30, 31) . However, in addition to phosphatidylinositol 3-kinase, wortmannin also inhibits other enzymes (40) , which may be involved in the insulin-mediated increase of [Ca 2ϩ ] mem .
There is now considerable evidence that intracellular Ca 2ϩ gradients exist in cells under certain conditions (18, (41) (42) (43) , and the current findings are consistent with such data. Although it is currently not clear whether the insulin-induced increase in [Ca 2ϩ ] mem plays a role in the activation of glucose transport, it is possible that Ca 2ϩ is involved in the docking and insertion of glucose transport proteins (Glut4) receptors into the cell membrane, as in the Ca 2ϩ -dependent docking of synaptic vesicles in nerve terminals (44) .
